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ABSTRACT
We investigate the lepton flavor violation in the framework of the MSSM with
right-handed neutrinos taking the large mixing angle MSW solution in the quasi-
degenerate and the inverse-hierarchical neutrino masses. We predict the branching
ratio of µ → e + γ and τ → µ + γ processes assuming the degenerate right-handed
Majorana neutrino masses. We find that the branching ratio in the quasi-degenerate
neutrino mass spectrum is 100 times smaller than the ones in the inverse-hierarchical
and the hierarchical neutrino spectra. We emphasize that the magnitude of Ue3 is one
of important ingredients to predict BR(µ → e + γ). The effect of the deviation from
the complete-degenerate right-handed Majorana neutrino masses are also estimated.
Furtheremore, we examine the S3L×S3R model, which gives the quasi-degenerate neu-
trino masses, and the Shafi-Tavartkiladze model, which gives the inverse-hierarchical
neutrino masses. Both predicted branching ratios of µ → e + γ are smaller than the
experimantal bound.
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1 Introduction
Super-Kamiokande has almost confirmed the neutrino oscillation in the atmospheric
neutrinos, which favors the νµ → ντ process [1]. For the solar neutrinos [2, 3], the
recent data of the Super-Kamiokande and the SNO also suggest the neutrino oscillation
νe → νx with the large mixing angle (LMA) MSW solution, although other solutions
are still allowed [4, 5]. If we take the LMA-MSW solution, neutrinos are massive and
the flavor mixings are almost bi-maximal in the lepton sector.
If neutrinos are massive and mixed in the SM, there exists a source of the lepton fla-
vor violation (LFV) through the off-diagonal elements of the neutrino Yukawa coupling
matrix. However, due to the smallness of the neutrino masses, the predicted branching
ratios for these processes are so tiny that they are completely unobservable[6].
On the other hand, in the supersymmetric framework the situation is quite different.
Many authors have already studied the LFV in the minimal supersymmetric standard
model (MSSM) with right-handed neutrinos assuming the relevant neutrino mass ma-
trix [7, 8, 9, 10]. In the MSSM with soft breaking terms, there exist lepton flavor
violating terms such as off-diagonal elements of slepton mass matrices (m2
L˜
)
ij
, (m2e˜R)ij
and trilinear couplings Aeij. Strong bounds on these matrix elements come from requir-
ing branching ratios for LFV processes to be below observed ratios. For the present, the
most stringent bound comes from the µ→ e+ γ decay (BR(µ→ e+ γ) < 1.2× 10−11)
[11]. However, if the LFV occurs at tree level in the soft breaking terms, the branch-
ing ratio of this process exceeds the experimental bound considerably. Therefore one
assumes that the LFV does not occur at tree level in the soft parameters. This is
realized by taking the assumption that soft parameters such as (m2
L˜
)
ij
, (m2e˜R)ij , A
e
ij,
are universal i.e., proportional to the unit matrix. This assumption follows from the
minimal supergravity (m-SUGRA). However, even though there is no flavor violation at
tree level, it is generated by the effect of the renormalization group equations (RGE’s)
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via neutrino Yukawa couplings. Suppose that neutrino masses are produced by the
see-saw mechanism [12], there are the right-handed neutrinos above a scale MR. Then
neutrinos have the Yukawa coupling matrix Yν with off-diagonal entries in the basis of
the diagonal charged-lepton Yukawa couplings. The off-diagonal elements of Yν drive
off-diagonal ones in the (m2
L˜
)
ij
and Aeij matrices through the RGE’s running [13].
One can construct Yν by the recent data of neutrino oscillations. Assuming that
oscillations need only accounting for the solar and the atmospheric neutrino data, we
take the LMA-MSW solution of the solar neutrino. Then, the lepton mixing matrix,
which may be called the MNS matrix or the MNSP matrix [14, 15], is given in ref.[16].
Since the data of neutrino oscillations only indicate the differences of the mass square
∆m2ij , neutrinos have three possible mass spectra: the hierarchical spectrum mν3 ≫
mν2 ≫ mν1 , the quasi-degenerate one mν1 ≃ mν2 ≃ mν3 and the inverse-hierarchical
one mν1 ≃ mν2 ≫ mν3.
We have already analyzed the effect of neutrino Yukawa couplings for the µ→ e+γ
process assuming the quasi-degenerate one and the inverse-hierarchical one [17]. In this
paper, we present detailed formula in our calculations of µ → e + γ and discuss the
dependence of the SUSY breaking parameters for the branching ratio. In the previous
paper, the right-handed Majorana neutrino masses are assumed to be completely de-
generate. We study the effect of the deviation from this degeneracy in this work. The
correlation between BR(µ → e + γ) and BR(τ → µ + γ) is also calculated. Furthere-
more, two specific models of the neutrino mass matrix are examined in the µ→ e+ γ
process.
This paper is organized as follows. In section 2, we give the general form of Yν and
Y†νYν , which play a crucial role in generating the LFV through the RGE’s running. In
section 3, we calculate the branching ratio of the processes µ→ e+ γ and τ → µ+ γ,
respectively in the three neutrino mass spectra. In section 4, we examine the S3L×S3R
model, which gives the quasi-degenerate neutrino masses, and the Shafi-Tavartkiladze
3
model, which gives the inverse-hierarchical neutrino masses. In section 5, we summarize
our results and give discussions.
2 LFV in the MSSM with Right-handed Neutrinos
2.1 Yukawa Couplings
In this section, we introduce the general expression of the neutrino Yukawa coupling
Yν , which is useful in the following arguments, and investigate the LFV triggered by
the neutrino Yukawa couplings. The superpotential of the lepton sector is described as
follows:
Wlepton = YeLHde
c
R
+YνLHuν
c
R
+
1
2
νc
R
TMRν
c
R
, (2.1)
where Hu, Hd are chiral superfields for Higgs doublets, L is the left-handed lepton
doublet, eR and νR are the right-handed charged lepton and the neutrino superfields,
respectively. The Ye is the Yukawa coupling matrix for the charged lepton, MR is
Majorana mass matrix of the right-handed neutrinos. We take Ye and MR to be
diagonal.
It is well-known that the neutrino mass matrix is given as
mν = (Yνvu)
T
M−1
R
(Yνvu) , (2.2)
via the see-saw mechanism, where vu is the vacuum expectation value (VEV) of Higgs
Hu. In eq.(2.2), the Majorana mass term for left-handed neutrinos is not included since
we consider the minimal extension of the MSSM.
The neutrino mass matrix mν is diagonalized by a single unitary matrix
mdiagν ≡ UTMNSmνUMNS , (2.3)
where UMNS is the lepton mixing matrix. Following the expression in ref.[10], we write
the neutrino Yukawa coupling as
Yν =
1
vu
√
MdiagR R
√
mdiagν U
T
MNS
, (2.4)
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or explicitly
Yν =
1
vu

√
MR1 0 0
0
√
MR2 0
0 0
√
MR3
R

√
mν1 0 0
0
√
mν2 0
0 0
√
mν3
UTMNS , (2.5)
where R is a 3 × 3 orthogonal matrix, which depends on models. Details are given in
Appendix A.
At first, let us take the degenerate right-handed Majorana masses MR1 = MR2 =
MR3 ≡ MR. This assumption is reasonable for the case of the quasi-degenerate neu-
trino masses. Otherwise a big conspiracy would be needed between Yν and MR. This
assumption is also taken for cases of the inverse-hierarchical and the hierarchical neu-
trino masses. We also discuss later the effect of the deviation from the degenerate
right-handed Majonara neutrino masses.
Then, we get
Yν =
√
MR
vu
R

√
mν1 0 0
0
√
mν2 0
0 0
√
mν3
UTMNS , (2.6)
and
Y†νYν =
MR
v2u
UMNS
mν1 0 00 mν2 0
0 0 mν3
UTMNS , (2.7)
or equivalently,
(
Y†νYν
)
αβ
=
MR
v2u
3∑
i=1
mνiUαiU
∗
βi , (2.8)
where Uαβ ’s are the elements of UMNS. It is remarked that Y
†
νYν is independent of R
in the case ofMR1 = MR2 = MR3 ≡MR. It may be important to consider the deviation
from the degenerate right-handed Majonara neutrino masses. Detailed discussions are
given in subsection 3.2.
Note that this representation of the Yukawa coupling is given at the electroweak
scale. Since we need the Yukawa coupling at the GUT scale, eq.(2.5) should be modified
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by taking account of the effect of the RGE’s [18, 19, 20]. Modified Yukawa couplings
at a scale MR are given as
Yν =
√
MR
vu
R

√
mν1 0 0
0
√
mν2 0
0 0
√
mν3
UTMNS√IgIt
 1 0 00 1 0
0 0
√
Iτ
 , (2.9)
with
Ig = exp
[
1
8π2
∫ tR
tZ
−cig2i dt
]
, It = exp
[
1
8π2
∫ tR
tZ
y2t dt
]
, Iτ = exp
[
1
8π2
∫ tR
tZ
y2τdt
]
,
(2.10)
where tR = lnMR and tZ = lnMZ. Here, gi’s(i = 1, 2) are gauge couplings and yt
and yτ are Yukawa couplings, ci’s are the constants (
3
5
, 3). We shall calculate the LFV
numerically by using the modified Yukawa coupling in the following sections.
As mentioned in the previous section, there are three possible neutrino mass spectra.
The hierarchical type (mν1 ≪ mν2 ≪ mν3) gives the neutrino mass spectrum as
mν1 ∼ 0 , mν2 =
√
∆m2⊙ , mν3 =
√
∆m2atm , (2.11)
the quasi-degenerate type (mν1 ∼ mν2 ∼ mν3) gives
mν1 ≡ mν , mν2 = mν + 1
2mν
∆m2⊙ , mν3 = mν +
1
2mν
∆m2atm , (2.12)
and the inverse-hierarchical type (mν1 ∼ mν2 ≫ mν3) gives
mν2 ≡
√
∆m2atm , mν1 = mν2 −
1
2mν2
∆m2⊙ , mν3 ≃ 0 . (2.13)
We take the typical values ∆m2atm = 3 × 10−3eV2 and ∆m2⊙ = 7 × 10−5eV2 in our
calculation of the LFV.
We take the typical mixing angles of the LMA-MSW solution such as s23 = 1/
√
2
and s12 = 0.6 [16], in which the lepton mixing matrix is given in terms of the standard
parametrization of the mixing matrix [23] as follows:
UMNS =
 c13c12 c13s12 s13e
−iφ
−c23s12 − s23s13c12eiφ c23c12 − s23s13s12eiφ s23c13
s23s12 − c23s13c12eiφ −s23c12 − c23s13s12eiφ c23c13
 , (2.14)
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where sij ≡ sin θij and cij ≡ cos θij are mixings in vacuum, and φ is the CP violating
phase. The reacter experiment of CHOOZ [21] presented a upper bound of s13. We use
the constraint from the two flavor analysis, which is s13 ≤ 0.2 in our calculation. If we
take account of the recent result of the three flavor analysis [22], the upper bound of
s13 may be smaller than 0.2. Then, if we use the results in [22], our results of µ→ e+γ
are reduced at most by a factor of two. In our calculation, the CP violating phase is
neglected for simplicity.
2.2 LFV in Slepton Masses
Since SUSY is spontaneously broken at the low energy, we consider the MSSM with
the soft SUSY breaking terms:
−Lsoft = (m2Q˜)ijQ˜†i Q˜j + (m2u˜)ij u˜∗Riu˜Rj + (m2d˜)ijd˜∗Rid˜Rj
+(m2
L˜
)ijL˜
†
i L˜j + (m
2
e˜)ij e˜
∗
Rie˜Rj + (m
2
ν˜)ij ν˜
∗
Riν˜Rj
+m˜2HdH
†
dHd + m˜
2
Hu
H†uHu + (BµHdHu +
1
2
BνijMRij ν˜
∗
Riν˜
∗
Rj + h.c.)
+(AdijHdd˜
∗
RiQ˜j +A
u
ijHuu˜
∗
RiQ˜j +A
e
ijHde˜
∗
RiL˜j +A
ν
ijHuν˜
∗
RiL˜j
+
1
2
M1B˜
0
LB˜
0
L +
1
2
M2W˜
a
LW˜
a
L +
1
2
M3G˜
aG˜a + h.c.) , (2.15)
where m2
Q˜
,m2u˜,m
2
d˜
,m2
L˜
,m2e˜ and m
2
ν˜ are mass-squares of the left-handed squark, the
right-handed up squark, the right-handed down squark, the left-handed charged slep-
ton, the right-handed charged slepton and the sneutrino, respectively. The m˜2Hd and
m˜2Hu are mass-squares of Higgs, Ad,Au,Ae and Aν are A-parameters for squarks and
sleptons, and M1,M2 and M3 are the gaugino masses, respectively.
Note that the lepton flavor violating processes come from diagrams including non-
zero off-diagonal elements of the soft parameter. In this paper we assume the m-
SUGRA, therefore we put the assumption of universality for soft SUSY breaking terms
at the unification scale:
(m2
L˜
)ij = (m
2
e˜)ij = (m
2
ν˜)ij = · · · = δijm20 ,
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m˜2Hd = m˜
2
Hu
= m20 ,
Aν = Yνa0m0, A
e = Yea0m0 ,
Au = Yua0m0, A
d = Yda0m0 , (2.16)
where m0 and a0 stand for the universal scalar mass and the universal A-parameter,
respectively. Because of the universality, the LFV is not caused at the unification scale.
To estimate the soft parameters at the low energy, we need to know the effect of
radiative corrections. As a result, the lepton flavor conservation is violated at the low
energy.
The RGE’s for the left-handed slepton soft mass are given by
µ
d
dµ
(m2
L˜
)ij = µ
d
dµ
(m2
L˜
)ij
∣∣∣∣∣
MSSM
+
1
16π2
[
(m2
L˜
Y†νYν +Y
†
νYνm
2
L˜
)ij + 2(Y
†
νmν˜Yν + m˜
2
Hu
Y†νYν +A
†
νAν)ij
]
,
(2.17)
while the first term in the right hand side is the normal MSSM term which has no
LFV, and the second one is a source of the LFV through the off-diagonal elements of
neutrino Yukawa couplings. The RGE’s are summarized in Appendix B.
3 Numerical Analyses of Branching Ratios
Let us calculate the branching ratio of ei → ej + γ (j < i). The amplitude of this
process is given as
T = eǫα∗(q)uj(p)meiiσαβq
β(ALPL + A
RPR)ui(q − p) , (3.1)
where ui is the wave function of i-th charged lepton ei, p and q are momenta of ej
and photon, respectively, e is the electric charge, ǫ is the polarization vector of photon,
and PL,R are projection operators : PL,R = (1∓ γ5)/2. The AL,R are decay amplitudes
8
-Figure 1: Feynman diagrams which contribute to the branching ratio of ei → ej + γ.
There are two types of diagrams, (a) neutralino-slepton loop and (b) chargino-sneutrino
loop.
and explicit forms are given in Appendix C. It is easy to see that this process changes
chirality of the charged lepton. The decay rate can be calculated using AL,R as
Γ(ei → ej + γ) = e
2
16π
m5ei(|AL|2 + |AR|2) . (3.2)
Since we know the relation m2ei ≫ m2ej , then we can expect |AR| ≫ |AL|. The AL,R
contain the contribution of the neutralino loop and the chargino loop as seen in fig.1.
We calculate the branching ratio using (3.2) and the formulas in Appendix C. In
order to clarify parameter dependence, let us present an approximate estimation. The
decay amplitude is approximated as
|AR|2 ≃ α
2
2
16π2
|(△m2
L˜
)ij |2
m8
S
tan2 β , (3.3)
where α2 is the gauge coupling constant of SU(2)L and mS is a SUSY particle mass.
The RGE’s develop the off-diagonal elements of the slepton mass matrix and A-term.
These terms at the low energy are approximated as
(△m2
L˜
)ij ≃ −(6 + 2a
2
0)m
2
0
16π2
(Y†νYν)ij ln
MX
MR
, (3.4)
where MX is the GUT scale. Therefore, off-diagonal elements of (Y
†
νYν)ij are the
crucial quantity to estimate the branching ratio.
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As discussed in section 2, (Y†νYν)ij is given by neutrino masses and mixings at
the electroweak scale. Therefore, we can compare the quantity (Y†νYν)ij among the
cases of three neutrino mass spectra: the degenerate, the inverse-hierarchical and the
hierarchical masses. In this section, we present numerical results in these three cases.
Here, we use eq.(3.2) and the vertex functions in Appendix C for the calculation of the
branching ratio including the RGE’s effect.
3.1 µ→ e+ γ
We present a qualitative discussion on (Y†νYν)21 before predicting the branching ratio
BR(µ→ e+γ). This is given in terms of neutrino masses and mixings at the electroweak
scale as follows:
(Y†νYν)21 =
MR
v2u
[Uµ2U
∗
e2(mν2 −mν1) + Uµ3U∗e3(mν3 −mν1)] , (3.5)
where vu ≡ v sin β with v = 174GeV is taken as an usual notation and the unitarity
condition of the lepton mixing matrix elements is used. Taking the three cases of
the neutrino mass spectra: the degenerate, the inverse-hierarchical and the normal
hierarchical masses, one obtains the following forms, repectively,
(Y†νYν)21 ≃
MR√
2v2u
∆m2atm
2mν
[
1√
2
U∗e2
∆m2⊙
∆m2atm
+ U∗e3
]
, (Degenerate)
≃ MR√
2v2u
√
∆m2atm
[
1
2
√
2
U∗e2
∆m2⊙
∆m2atm
− U∗e3
]
, (Inverse) (3.6)
≃ MR√
2v2u
√
∆m2atm
 1√
2
U∗e2
√√√√ ∆m2⊙
∆m2atm
+ U∗e3
 , (Hierarchy)
where we take the maximal mixing for the atmospheric neutrinos. Since Ue2 ≃ 1/
√
2
for the bi-maximal mixing matrix, the first terms in the square brackets of the right
hand sides of eqs.(3.6) can be estimated by putting the experimental data. For the
case of the degenerate neutrino masses, (Y†νYν)21 depends on the unknown neutrino
10
mass scale mν . As one takes the smaller mν , one predicts the larger branching ratio.
In our calculation, we take mν = 0.3eV
1 , which is close to the upper bound from the
neutrinoless double beta decay experiment [25], and also leads to the smallest branching
ratio.
We also note that the degenerate case gives the smallest branching ratio BR(µ →
e + γ) among the three cases as seen in eqs.(3.6) owing to the scale of mν . It
is easy to see the fact that the second terms in eqs.(3.6) are dominant as far as
Ue3
>
∼ 0.01(degenerate), 0.01(inverse) and 0.07(hierarchy), respectively. The magnitude
and the phase of Ue3 are important in the comparison between cases of the inverse-
hierarchical and the normal hierarchical masses. In the limit of Ue3 = 0, the predicted
branching ratio in the case of the normal hierarchical masses is larger than the other
one. However, for Ue3 ≃ 0.2 the predicted branching ratios are almost the same in
both cases.
At first, we present numerical results in the case of the degenerate neutrino masses
assuming MR = MR1. The magnitude of MR is constained considerably if we impose
the b − τ unfication of Yukawa couplings [26]. In the case of tanβ ≤ 30, the lower
bound of MR is approximately 10
12GeV. We take also MR ≤ 1014GeV, in order that
neutrino Yukawa couplings remain below O(1). Therefore, we useMR = 1012, 1014GeV
in our following calculation.
We take a universal scalar mass (m0) for all scalars and a0 = 0 as a universal
A-term at the GUT scale (MX = 2 × 1016 GeV). The branching ratio of µ → e + γ
is given versus the left-handed selectron mass me˜L for each tan β = 3, 10, 30 and
a fixed wino mass M2 at the electroweak scale. In fig.2, the branching ratios are
shown for M2 = 150, 300 GeV in the case of Ue3 = 0.2 with MR = 10
14GeV and
mν = 0.3eV, in which the solid curves correspond to M2 = 150GeV and the dashed
1Recently, a positive observation of the neutrinoless double beta decay was reported in [24], where
the degenerate neutrino mass of mν = 0.3eV is a typical one.
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Figure 2: Predicted branching ratio BR(µ → e + γ) versus the left-handed selectron
mass for tanβ = 3, 10, 30 in the case of the degenerate neutrino masses. Here MR =
1014GeV and Ue3 = 0.2 are taken. The solid curves correspond to M2 = 150GeV and
the dashed ones to M2 = 300GeV. A horizontal dotted line denotes the experimental
upper bound.
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Figure 3: Predicted branching ratio BR(µ → e + γ) versus the left-handed selectron
mass for tan β = 3, 10, 30 in the case of the degenerate neutrino masses. Here
MR = 10
12GeV and Ue3 = 0.2 are taken. The solid curves correspond to M2 = 150GeV
and the dashed ones to M2 = 300GeV.
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Figure 4: Predicted branching ratio BR(µ → e + γ) versus the left-handed selectron
mass for tanβ = 3, 10, 30 in the case of the inverse-hierarchical neutrino masses. Here
MR = 10
14GeV and Ue3 = 0.2 are taken. The solid curves correspond to M2 = 150GeV
and the dashed ones to M2 = 300GeV.
ones to M2 = 300GeV. The threshold of the selectron mass is determined by the
recent LEP2 data [27] for M2 = 150GeV, however, for M2 = 300GeV, determined
by the constraint that the left-handed slepton should be heavier than the neutralinos.
As the tan β increases, the branching ratio increases because the decay amplitude
from the SUSY diagrams is approximately proportional to tan β [7]. It is found that
the branching ratio is almost larger than the experimental upper bound in the case
of M2 = 150GeV. On the other hand, the predicted values are smaller than the
experimental bound except for tanβ = 30 in the case of M2 = 300GeV.
Our predictions depend on MR strongly, because the magnitude of the neutrino
Yukawa coupling is determined by MR as seen in eq.(2.5). If MR reduces to 10
12GeV,
the branching ratio becomes 104 times smaller since it is proportional to M2
R
. The
numerical result is shown in fig.3. We will examine a model [28, 29], which gives the
degenerate neutrino masses with Ue3 ∼ 0.05 in section 4.
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Figure 5: Predicted branching ratio BR(µ → e + γ) versus the left-handed selectron
mass for tanβ = 3, 10, 30 in the case of the inverse-hierarchical neutrino masses. Here
MR = 10
14GeV and Ue3 = 0.05 are taken. The solid curves correspond toM2 = 150GeV
and the dashed ones to M2 = 300GeV.
Next we show results in the case of the inverse-hierarchical neutrino masses. As
expected in eq.(3.6), the branching ratio is much larger than the one in the degenerate
case. In fig.4, the branching ratio is shown for M2 = 150, 300 GeV in the case of
Ue3 = 0.2 with MR = 10
14GeV. In fig.5, the branching ratio is shown for Ue3 = 0.05
with MR = 10
14GeV. The MR dependence is the same as the case of the quasi-
degenerate neutrino masses. The predictions almost exceed the experimental bound
as far as Ue3 ≥ 0.05, tanβ ≥ 10 and MR ≃ 1014GeV. This result is based on the
assumption MR = MR1, however, it is not guaranteed in the case of the inverse-
hierarchical neutrino masses. We will examine a typical model [30], which gives MR 6=
MR1 in section 4.
For comparison, we show the branching ratio in the case of the hierarchical neutrino
masses in fig.6. It is similar to the case of the inverse-hierarchical neutrino masses. The
branching ratio in the case of the degenerate neutrino masses is 102 times smaller than
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Figure 6: Predicted branching ratio BR(µ → e + γ) versus the left-handed selectron
mass for tan β = 3, 10, 30 in the case of the hierarchical neutrino masses. Here
MR = 10
14GeV and Ue3 = 0.2 are taken. The solid curves correspond to M2 = 150GeV
and the dashed ones to M2 = 300GeV.
the one in the inverse-hierarchical and the hierarchical neutrino spectra.
In our numerical analyses we assumed a0 = 0 at the GUT scale MX for simplicity.
Let us comment on the A-term dependence, namely a0 6= 0 at MX . We estimate
the branching ratio for a0 = ±1 at MX (A = Ya0m0). In the degenerate type, the
predicted branching ratio is 1.02(a0 = 1), 1.07(a0 = −1) times as large as the one in the
case of a0 = 0 (tanβ = 30, Ue3 = 0.2). In the inverse-hierarchical type, the predicted
branching ratios are 1.56(a0 = 1), 1.54(a0 = −1) times as large as the one in the case
of a0 = 0 (tanβ = 30, Ue3 = 0.2). Therefore the A-term dependence is insignificant in
our analyses.
In our calculations, we use the universality condition at MX . We also examine the
no-scale condition m0 = 0 at MX . It is found that the predicted branching ratio is 10
times smaller than the one in the case of non-zero universal scalar mass.
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3.2 Non-degeneracy Effect of MR
The analyses in the previous section depend on the assumption ofMR1 =MR2 =MR3 ≡
MR. In the case of the quasi-degenarate neutrino masses in eq.(2.12) this complete
degeneracy of MR may be deviated in the following magnitude without fine-tuning:
M2
R3
M2R1
≃ 1± ∆m
2
atm
m2ν
,
M2
R2
M2R1
≃ 1± ∆m
2
⊙
m2ν
. (3.7)
Therefore, we parametrize MR as
MR = MR
 1 0 00 1 + ε2 0
0 0 1 + ε3
 , (3.8)
where ε2 ≃ ∆m2⊙/2m2ν and ε3 ≃ ∆m2atm/2m2ν . By using eq.(2.6), we obtain
Y†νYν =
MR
v2u
UMNS

√
mν1 0 0
0
√
mν2 0
0 0
√
mν3
K

√
mν1 0 0
0
√
mν2 0
0 0
√
mν3
UTMNS ,
(3.9)
where
K ≡ R†
 1 0 00 1 + ε2 0
0 0 1 + ε3
R . (3.10)
Then, we have
(Y†νYν)21 =
MR
v2u
3∑
i,j
U2iU1j(Kij
√
mνi
√
mνj) , (3.11)
with
Kij = δij + ε2R2iR2j + ε3R3iR3j , (3.12)
where we used RTR = 1 2. So, we get
(Y†νYν)21 = (Y
†
νYν)21
∣∣∣
MR∝1
+∆(Y†νYν)21 , (3.13)
2we assume R to be real for simplicity.
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where the first term is the (Y†νYν)21 element in eq.(3.5), which corresponds to the
MR∝1, while the second term stands for the deviation from it as follows:
∆(Y†νYν)21 =
MR
v2u
3∑
i,j
U2iU1j
√
mνi
√
mνj(ε2R2iR2j + ε3R3iR3j) . (3.14)
In order to estimate the second term, we use ε2 = 0.0001 and ε3 = 0.01 taking account
of ε2 ≃ ∆m2⊙/2m2ν and ε3 ≃ ∆m2atm/2m2ν , where mν = 0.3eV is put. Since mνi ≃ mνj
and Rij ≤ 1, we get
∆(Y†νYν)21 ∼
MR
v2u
3∑
i,j
U2iU1jmνε3R3iR3j
≤ MR
v2u
1
2
√
2
mνε3 ∼ 3.5× 10−3 . (3.15)
Taking this maximal value, we can estimate the branching ratio as follows:
BR(non-degenerate MR)
BR(degenerate MR)
≤
(
2.6 + 3.5
2.6
)2
≃ 5.5 . (3.16)
Therefore, the enhancement due to the second term is at most factor 5. This conclusion
does not depend on the specific form of R
Consider the case of the inverse-hierarchical type of neutrino masses. We take
ε2 ∼ 0.01 with the similar argument of the quasi-degenerate type neutrino masses,
because mν1 and mν2 are almost degenerate and ε2 ≃ ∆m2⊙/2∆m2atm in this case.
Then, we get
∆(Y†νYν)21 =
MR
v2u
2∑
i,j
U2iU1jmν1ε2R2iR2j
≤ MR
v2u
1
2
√
2
mν1ε2 ∼ 0.063× 10−2 , (3.17)
where we assume ε2 ≥ ε3 and use mν3 ≃ 0, mν1 ≃ mν2 ≃ 0.054eV and Rij ≤ 1. Taking
the maximal value, we get
BR(non-degenerate MR)
BR(degenerate MR)
≤
(
2.7 + 0.063
2.7
)2
≃ 1.04 . (3.18)
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Figure 7: Predicted branching ratio BR(τ → µ+ γ) versus BR(µ→ e+ γ) for tanβ =
3, 10, 30 in the case of the degenerate neutrino masses. Here MR = 10
14GeV, mν =
0.3eV and Ue3 = 0.2 are taken and the left-handed selectron mass is taken as same as
in figs.2-4.
Thus, the effect of the ∆(Y†νYν)21 is very small in the case of the inverse hierarchical
neutrino masses.
These discussions in this subsection are also available qualitatively for the τ → µ+γ
process.
3.3 τ → µ+ γ
Let us study the τ → µ+ γ process. In this case, we should discuss
(Y†νYν)32 =
MR
v2u
[
Uτ2U
∗
µ2(mν2 −mν1) + Uτ3U∗µ3(mν3 −mν1)
]
. (3.19)
It should be stressed that it is independent of Ue3 in contrast to (Y
†
νYν)21. Therefore
we can determine the following form of (Y†νYν)32 at the electroweak scale by using the
bi-maximal mixing matrix:
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Figure 8: Predicted branching ratio BR(τ → µ+ γ) versus BR(µ→ e+ γ) for tanβ =
3, 10, 30 in the case of the inverse-hierarchical neutrino masses. Here MR = 10
14GeV
and Ue3 = 0.2 are taken and the left-handed selectron mass is taken as same as in
figs.2-4.
(Y†νYν)32 ≃
MR
v2u
[
−1
4
∆m2⊙
2mν
+
1
2
∆m2atm
2mν
]
≃ MR
4v2u
∆m2atm
mν
, (Degenerate)
≃ MR
v2u
1
8
∆m2⊙√
∆m2atm
− 1
2
√
∆m2atm
 ≃ −MR
2v2u
√
∆m2atm , (Inverse)
(3.20)
≃ MR
v2u
[
−1
4
√
∆m2⊙ +
1
2
√
∆m2atm
]
≃ MR
2v2u
√
∆m2atm . (Hierarchy)
We see that the case of the inverse-hierarchical masses and the hierarchical masses are
almost the same as seen in eqs.(3.20).
Let us present numerical results of BR(τ → µ+ γ) [31] versus BR(µ→ e+ γ) [11]
in the case of the degenerate neutrino mass, in which tan β = 3, 10, 30 are taken.
In fig.7, the branching ratio is plotted for M2 = 150, 300 GeV for Ue3 = 0.2 with
MR = 10
14GeV. Dotted lines are the experimantal upper bounds for BR(τ → µ + γ)
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and BR(µ → e + γ), respectively. The dependence of tanβ is the same as the case
of µ → e + γ. It is found that the branching ratio is completely smaller than the
experimental upper bound in the case of τ → µ + γ in contrast with the case of
µ→ e+ γ.
Next we show the results in the case of the inverse-hierarchical neutrino masses.
As expected in eqs.(3.20), the branching ratio is much larger than the one in the
degenerate case. In fig.8, the branching ratio is shown for M2 = 150, 300 GeV in the
case of Ue3 = 0.2 with MR = 10
14GeV. In conclusion, the predicted branching ratio is
larger than the one in the case of the degenerate neutrino mass, and it is almost smaller
than the experimental upper bound for τ → µ + γ in contrast with µ → e + γ. The
constraint of BR(µ→ e+γ) is always severer than the one in the case of BR(τ → µ+γ).
4 Typical models and numerical analyses
4.1 S3L × S3R flavor symmetry model - Degenarate type
In this section we examine the neutrino model proposed by Fukugida, Tanimoto and
Yanagida [28], which derives the quasi-degenerate masses, mν1 ∼ mν2 ∼ mν3. This
model is based on the S3L×S3R flavor symmetry [32]. TakingMR =MR1, the neutrino
Yukawa coupling is given as follows:
Yν = Yν0

 1 0 00 1 0
0 0 1
+
 0 0 00 ǫν 0
0 0 δν

 , (4.1)
where we take the diagonal basis for the neutrino sector. The first matrix is the S3L in-
variant one, and the second one is the symmetry breaking term. The parameters Yν0, ǫν
and δν are constrained by the experimental values of ∆m
2
atm and ∆m
2
⊙. Therefore, the
flavor mixings come from the charged lepton Yukawa couplings.
The charged lepton Yukawa coupling is given by the symmetry breaking parameters
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Figure 9: Predicted branching ratio BR(µ → e + γ) versus the left-handed selectron
mass for tanβ = 3, 10, 30 in the case of the S3L × S3R flavor symmetry model. Here
MR = 10
14GeV are taken. The solid curves correspond to M2 = 150GeV and the
dashed ones to M2 = 300GeV.
ǫl, δl as follows:
Ye = Ye0

 1 1 11 1 1
1 1 1
+
 −ǫl 0 00 +ǫl 0
0 0 +δl

 . (4.2)
Since Ye0, ǫl and δl are fixed by the charged lepton masses, one gets the lepton mixing
matrix elements as follows :
UMNS ≃
 1/
√
2 −1/√2
√
2/3
√
me/mµ
1/
√
6 1/
√
6 −2/√6
1/
√
3 1/
√
3 1/
√
3
 . (4.3)
As a result, we see Ue3 =
√
2/3
√
me/mµ ∼ 0.05 from eq.(4.3).
We estimated the branching ratio of the processes µ → e + γ and τ → µ + γ by
using Ue3 = 0.05. We show the branching ratio for M2 = 150 GeV and 300GeV taking
tanβ = 3, 10, 30 in fig.9. Because of the smallness of Ue3, we see that BR(µ→ e+ γ) is
smaller than the experimental upper bound except for tanβ = 30, and M2 = 150GeV.
21
We have also estimated the branching ratio BR(τ → µ + γ) for tanβ = 30, which
is much smaller than the experimental bound BR(τ → µ+ γ) < 1.1× 10−6. Thus, the
µ→ e+ γ process provides the severe constraint compared with the τ → µ+ γ in the
present experimental situation.
4.2 The Shafi-Tavartkiladze model - Inverse-hierarchical type
The typical model of the inverse-hierarchical neutrino masses is the Zee model [33],
in which the right-handed neutrinos do not exist. However, one can also consider a
Yukawa texture which leads to the inverse-hierarchical masses through the see-saw
mechanism, namely the Shafi-Tavartkiladze model [30].
Shafi and Tavartkiladze utilize the anomalous U(1) flavor symmetry [34]. In this
model, due to the Froggatt-Nielsen mechanism [35], one of the Yukawa interaction term
in the effective theory is given as
ec
RiLjHd
(
S
Mpl
)mij
, (4.4)
where ec
Ri and Lj are the right-handed charged lepton and the left-handed lepton dou-
blet, respectively, Hd is Higgs doublet, and S is singlet field. The effective Yukawa
couplings are given in terms of
λ ≡ 〈S〉
Mpl
≃ 0.2 . (4.5)
The neutrino mass matrix is given in Appendix D. Fixing the U(1) flavor charges
k, n, k
′
as k=0, n=2, k
′
=2, which is consistent with neutrino mass data, the Yukawa
coupling is given as
Yν =
(
λ4 λ2 λ2
1 0 0
)
, (4.6)
and the right-handed neutrino Majorana mass matrix is given as
MR = MR
(
λ4 1
1 0
)
. (4.7)
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Figure 10: Predicted branching ratio BR(µ → e + γ) versus the left-handed selectron
mass for tanβ = 3, 10, 30 in the case of the Shafi-Tavartkiladze model[30]. The solid
curves correspond to M2 = 150GeV and the dashed ones to M2 = 300GeV.
It is remarked that right-handed neutrinos contain only two generations in this model.
In eq.(4.6), components 2-2 and 2-3 must be zero for the sake of holomorphy of super-
potential, it is called SUSY zero. The neutrino mass matrix is given by the see-saw
mechanism as
mν = Y
T
νM
−1
R
Yνv
2
u =
λ2v2u
MR
 λ
2 1 1
1 0 0
1 0 0
 , (4.8)
where the order one coefficient in front of each entry is neglected. This mass matrix
gives the inverse-hierarchical neutrino masses. The Y†νYν is given as
Y†νYν =
 1 + λ
8 λ6 λ6
λ6 λ4 λ4
λ6 λ4 λ4
 . (4.9)
It is noticed that the component (Y†νYν)21 is suppressed as
(Y†νYν)21 ∼ λ6 ∼ O(10−5) . (4.10)
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Then, we expect that the branching ratio of µ → e + γ in this model is much smaller
than the one in the case of (MR)3×3 = MR(1)3×3 in section 3.
In fig.10, the branching ratio is shown for M2 = 150, 300 GeV. The predictions
are given by taking λ = 0.2 and all of order one coefficients in the Yukawa couplings
are fixed to be one. The predicted value is much smaller than the one in the inverse-
hierarchical case discussed in the section 3. Because (Y†νYν)21 is proportional to λ
6,
the smallness of the branching ratio is understandable.
5 Summary and Discussions
We have investigated the lepton flavor violating processes µ → e + γ and τ → µ + γ,
in the framework of the MSSM with the right-handed neutrinos. Even if we impose
the universality condition for the soft scalar masses and A-terms at the GUT scale,
off-diagonal elements of the left-handed slepton mass matrix are generated through
the RGE’s running effects from the GUT scale to the right-handed neutrino mass scale
MR. We have taken the LMA-MSW solution for the neutrino masses and mixings.
The branching ratios of µ → e + γ and τ → µ + γ processes are proportional
to |(Y†νYν)ij|2. Since (Y†νYν)ij depends on the mass spectrum of neutrinos, we can
compare the branching ratio of three cases of neutrino mass spectra: the degenerate,
the inverse-hierarchical and the hierarchical case.
First, we have studied the three types in the case of µ → e + γ, in which we
take MR = MR1. For the case of the degenerate neutrino masses, the branching
ratio depends on the unknown neutrino mass mν . We have taken mν = 0.3eV, which
gives us the largest branching ratio. It is emphasized that the magnitude of Ue3 is
one of important ingredients to predict BR(µ → e + γ). The branching ratio of the
inverse-hierarchical case almost exceeds the experimental upper bound and is much
larger than the degenerate case for M2 = 150GeV and M2 = 300GeV. In general, we
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expect the relation BR(degenerate)≪BR(inverse-hierarchical)< BR(hierarchical). The
effect of the deviation from MR = MR1 has been estimated. The enhancement of the
branching ratios are at most factor five in the case of the quasi-degenerate neutrino
mass spectrum.
Second, we have studied the three cases in τ → µ+ γ. It is noticed that branching
ratio is independent of Ue3 in contrast to the case of µ → e + γ. For the degenerate
neutrino masses, the branching ratio is completely smaller than the experimental upper
bound. For the inverse-hierarchical neutrino masses, the branching ratio is almost
smaller than the experimental bound. The constraint of BR(µ → e + γ) is always
severer than the one in the case of BR(τ → µ+ γ).
Finally, we have investigated the branching ratio of µ→ e+γ in the typical models
of the degenetate and the inverse-hierarchical cases. Since the S3L × S3R model, which
is a typical one of the degenerate case, predicts Ue3 ≃ 0.05, the branching ratio is much
smaller than the case of Ue3 ≃ 0.2. The Shafi-Tavartkiladze model, which is a typical
one of the inverse-hierarchical case, predicts the very small branching ratio. Thus, the
models can be tested by the µ→ e+ γ process.
The branching ratio of µ→ e+γ and τ → µ+γ will be improved to the lebel 10−14
in the PSI and 10−(7−8) in the B factories in KEK and SLAC, respectively. Therefore,
future experiments can probe the framework for the neutrino masses.
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A Yukawa Matrix
The Yukawa matrix is determined in general as follows [10]. The left-handed neutrino
mass matrix is given as
mν = (Yνvu)
T
M−1
R
(Yνvu) , (A.1)
via the see-saw mechanism, where vu is the vacuum expectation value (VEV) of Higgs
Hu. One can always take the diagonal form of the right-handed Majorana neutrino
mass matrix MR = M
diag
R
. The neutrino mass matrix mν is diagonalized by a single
unitary matrix
mdiagν ≡ UTMNSmνUMNS , (A.2)
where UMNS is the MNS matrix. In eqs.(A.1) and (A.2), one can divide M
diag
R
into
square roots
mdiagν = U
T
MNS
YTν (M
diag
R
)
−1
YνUMNSv
2
u
= UT
MNS
YTν
√
(MdiagR )
−1
√
(MdiagR )
−1
YνUMNSv
2
u . (A.3)
Multiplying the inverse square root of the matrix mdiagν from both right and left hand
sides of eq.(A.3), one gets the following form
1 =
√
(mdiagν )
−1
UT
MNS
YTν
√
(MdiagR )
−1
v2u
√
(MdiagR )
−1
YνUMNS
√
(mdiagν )
−1
≡ RTR , (A.4)
where one has defined the following complex orthogonal 3×3 matrix
R ≡ vu
√
(MdiagR )
−1
YνUMNS
√
(mdiagν )
−1, (A.5)
and R depends on models. Therefore, one can write the neutrino Yukawa coupling as
Yν =
1
vu
√
MdiagR R
√
mdiagν U
T
MNS
, (A.6)
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or explicitly
Yν =
1
vu

√
MR1 0 0
0
√
MR2 0
0 0
√
MR3
R

√
mν1 0 0
0
√
mν2 0
0 0
√
mν3
UTMNS . (A.7)
B RGEs
B.1 From MX to MR
µ
d
dµ
g2i =
1
8π2
big
4
i , (b1, b2, b3) = (
33
5
, 1,−3) ,
µ
d
dµ
Mi =
bi
2π
αiMi , αi =
g2i
4π
(i = 1, 2, 3) ,
µ
d
dµ
Yije =
1
16π2
[{
−9
5
g21 − 3g22 + 3Tr(YdY†d) + Tr(YeY†e)
}
Yije
+3(YeY
†
eYe)
ij + (YeY
†
νYν)
ij
]
,
µ
d
dµ
Yijν =
1
16π2
[{
−3
5
g21 − 3g22 + 3Tr(YuY†u) + Tr(YνY†ν)
}
Yijν
+3(YνY
†
νYν)
ij + (YνY
†
eYe)
ij
]
,
µ
d
dµ
Yiju =
1
16π2
[{
−13
15
g21 − 3g22 −
16
3
g23 + 3Tr(YuY
†
u) + Tr(YνY
†
ν)
}
Yiju
+3(YuY
†
uYu)
ij + (YuY
†
dYd)
ij
]
,
µ
d
dµ
Y
ij
d =
1
16π2
[{
− 7
15
g21 − 3g22 −
16
3
g23 + 3Tr(YdY
†
d) + Tr(YeY
†
e)
}
Y
ij
d
+3(YdY
†
dYd)
ij + (YdY
†
uYu)
ij
]
,
µ
d
dµ
(m2
L˜
)ji =
1
16π2
[(
m2
L˜
Y†eYe +Y
†
eYem
2
L˜
)j
i
+
(
m2
L˜
Y†νYν +Y
†
νYνm
2
L˜
)j
i
+2
(
Y†em
2
e˜Ye +m
2
Hd
Y†eYe +A
†
eAe
)j
i
+2
(
Y†νm
2
ν˜Yν +m
2
Hu
Y†νYν +A
†
νAν
)j
i
−
(
6
5
g21 |M1|2 + 6g22 |M2|2
)
δji
]
,
µ
d
dµ
(m2e˜)
i
j =
1
16π2
[
2
(
m2e˜YeY
†
e +YeY
†
em
2
e˜
)i
j
+4
(
Yem
2
L˜
Y†e +m
2
Hd
YeY
†
e +AeA
†
e
)i
j
− 24
5
g21 |M1|2 δij
]
,
µ
d
dµ
(m2ν˜)
i
j =
1
16π2
[
2
(
m2ν˜YνY
†
ν +YνY
†
νm
2
ν˜
)i
j
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+4
(
Yνm
2
L˜
Y†ν +m
2
HuYνY
†
ν +AνA
†
ν
)i
j
]
,
µ
d
dµ
Aije =
1
16π2
[{
−9
5
g21 − 3g22 + 3Tr(Y†dYd) + Tr(Y†eYe)
}
Aije
+2
{
−9
5
g21M1 − 3g22M2 + 3Tr(Y†dAd) + Tr(Y†eAe)
}
Yije
+4(YeY
†
eAe)
ij + 5(AeY
†
eYe)
ij + 2(YeY
†
νAν)
ij + (AeY
†
νYν)
ij
]
,
µ
d
dµ
Aijν =
1
16π2
[{
−3
5
g21 − 3g22 + 3Tr(Y†uYu) + Tr(Y†νYν)
}
Aijν
+2
{
−3
5
g21M1 − 3g22M2 + 3Tr(Y†uAu) + Tr(Y†νAν)
}
Yijν
+4(YνY
†
νAν)
ij + 5(AνY
†
νYν)
ij + 2(YνY
†
eAe)
ij + (AνY
†
eYe)
ij
]
,
µ
d
dµ
Aiju =
1
16π2
[{
−13
15
g21 − 3g22 −
16
3
g23 + 3Tr(Y
†
uYu) + Tr(Y
†
νYν)
}
Aiju
+2
{
−13
15
g21M1 − 3g22M2 −
16
3
g23M3 + 3Tr(Y
†
uAu) + Tr(Y
†
νAν)
}
Yiju
+4(YuY
†
uAu)
ij + 5(AuY
†
uYu)
ij + 2(YuY
†
dAd)
ij + (AuY
†
dYd)
ij
]
,
µ
d
dµ
A
ij
d =
1
16π2
[{
− 7
15
g21 − 3g22 −
16
3
g23 + 3Tr(Y
†
dYd) + Tr(Y
†
eYe)
}
A
ij
d
+2
{
− 7
15
g21M1 − 3g22M2 −
16
3
g23M3 + 3Tr(Y
†
dAd) + Tr(Y
†
eAe)
}
Y
ij
d
+4(YdY
†
dAd)
ij + 5(AdY
†
dYd)
ij + 2(YdY
†
uAu)
ij + (AdY
†
uYu)
ij
]
,
µ
d
dµ
(m2Hu) =
1
16π2
[
6Tr
(
m2
Q˜
Y†uYu +Y
†
u(mu˜ +m
2
Hu
)Yu +A
†
uAu
)
+2Tr
(
m2
L˜
Y†νYν +Y
†
ν(m
2
ν˜ +m
2
Hu
)Yν +A
†
νAν
)
−
(
6
5
g21|M1|2 + 6g22|M2|2
)]
,
µ
d
dµ
(m2Hd) =
1
16π2
[
6Tr
(
m2
Q˜
Y
†
dYd +Y
†
d(md˜ +m
2
Hd
)Yd +A
†
uAd
)
+2Tr
(
m2
L˜
Y†eYe +Y
†
e(m
2
e˜ +m
2
Hd
)Ye +A
†
eAe
)
−
(
6
5
g21|M1|2 + 6g22|M2|2
)]
.
C Notations and Conventions in the MSSM
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C.1 Mass matrix and mixings
In this appendix, we give our notation of SUSY particle masses and mixings in our
calculation.
The slepton mass Mˆ2 term is
(e˜†
L
, e˜†
R
)
(
m2
L
m2T
LR
m2
LR
m2
R
)(
e˜L
e˜R
)
, (C.1)
with
(m2
L
)ij = (m
2
L˜
)ij +m
2
ei
δij +m
2
Z
δij cos 2β(−1
2
+ sin2 θW) , (C.2)
(m2
R
)ij = (me˜R)ij +m
2
ei
δij −m2Zδij cos 2β sin2 θW , (C.3)
(m2
LR
)ij =
Aeijv cos β√
2
−meiµ tanβ , (C.4)
where (m2
L
)ij and (m
2
R
)ij are 3×3 matrix. The slepton mass matrix can be diagonalized
as
UfMˆ2UfT = (diagonal) , (C.5)
where Uf is a real orthogonal 6× 6 matrix.
The chargino mass term is
−L = (W˜−R , H˜−2R)
(
M2
√
2mW cos β√
2mW sin β µ
)(
W˜−
L
H˜−1L
)
+ h.c. . (C.6)
The chargino mass matrix can be diagonalized as
ORMCO
T
L
= diag(Mχ˜−1
,Mχ˜−2
) , (C.7)
where OL and OR are real orthogonal 2× 2 matrix. The mass eigenstate χ˜AL and χ˜AR
(A = 1, 2) are (
χ˜−1L
χ˜−2L
)
= OL
(
W˜−
L
H˜−1L
)
,
(
χ˜−1R
χ˜−2R
)
= OR
(
W˜−
R
H˜−2R
)
, (C.8)
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and
χ˜−
A
= χ˜−
AL
+ χ˜−
AR
(A = 1, 2) (C.9)
forms Dirac fermion with mass Mχ˜−
A
.
The neutralino mass term is
−L = 1
2
(B˜L, W˜
0
L
, H˜01L, H˜
0
2L)MN

B˜L
W˜ 0
L
H˜01L
H˜02L
+ h.c. , (C.10)
where
MN =

M1 0 −mZ sin θW cos β mZ sin θW sin β
0 M2 mZ cos θW cos β −mZ cos θW sin β
−mZ sin θW cos β mZ cos θW cos β 0 −µ
mZ sin θW sin β −mZ cos θW sin β −µ 0
 .
(C.11)
The neutralino mass matrix can be diagonalized as
ONMNO
T
N
= (diagonal) , (C.12)
where ON is a real 4× 4 orthogonal matrix. The mass eigenstate is
χ˜0
AL
= (ON)ABχ˜
0
BL
(A,B = 1, · · · , 4) , χ˜0
BL
= (B˜L, W˜
0
L
, H˜01L, H˜
0
2L) (C.13)
and
χ˜0
A
= χ˜0
AL
+ χ˜0
AR
(A = 1, · · · , 4) (C.14)
forms Mojorana spinor with mass Mχ˜0
A
.
The chargino vertex functions are
CR(ℓ)eAX = −g2(OR)A1UνX,1 , (C.15)
CL(ℓ)eAX = g2
me√
2mW cos β
(OL)A2U
ν
X,1 , (C.16)
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and the neutralino vertex functions are
NR(ℓ)eAX = −
g2√
2
{
[−(ON)A2 − (ON)A1 tan θW]U ℓX,1 +
me
mW cos β
(ON)A3UX,4
}
, (C.17)
NL(ℓ)eAX = −
g2√
2
{
me
mW cos β
(ON)A3UX,1 − 2(ON)A1 tan θWU ℓX,4
}
. (C.18)
C.2 Decay amplitudes AL,R
For the amplitudes AL,R, there are the contributions of the chargino loop and the
neutralino loop:
AL,R = A(c)L,R + A(n)L,R . (C.19)
The contributions from the chagino loop are
A(c)L = − 1
32π2
1
m2ν˜X
[
C
L(ℓ)
jAXC
L(ℓ)∗
iAX
1
6(1− xAX)4 (2 + 3xAX − 6x
2
AX
+ x3
AX
+ 6xAX ln xAX)
+C
L(ℓ)
jAXC
R(ℓ)∗
iAX
Mχ˜−
A
mj
1
(1− xAX)3 (−3 + 4xAX − x
2
AX
− 2 lnxAX)
]
, (C.20)
A(c)R = A(c)L|L↔R , (C.21)
where xAX is defined as
xAX =
M2
χ˜−
A
m2ν˜X
. (C.22)
Here mν˜X is the sneutrino mass and Mχ˜−
A
is the chargino mass. The contributions from
the neutralino loop are
A(n)L =
1
32π2
1
m2
ℓ˜X
[
N
L(ℓ)
jAXN
L(ℓ)∗
iAX
1
6(1− yAX)4 (1− 6yAX + 3y
2
AX
+ 2y3
AX
− 6y2
AX
ln yAX)
+N
L(ℓ)
jAXN
R(ℓ)∗
iAX
Mχ˜0
A
mi
1
(1− yAX)3 (1 + y
2
AX
+ 2yAX ln yAX)
]
, (C.23)
A(n)R = A(n)L|L↔R , (C.24)
where yAX is defined as
yAX =
M2
χ˜0
A
m2
ℓ˜X
. (C.25)
Here mℓ˜X is the charged slepton mass and Mχ˜0A is the neutralino mass.
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D Anomalous U(1) flavor symmetry
We review the anomalous U(1) flavor symmetry [34] which is utilized in the Shafi-
Tavartkiladze model [30] discussed in section 4. The anomalous U(1) flavor symmetry
can arise from string theory. The cancellation of this anomaly is due to the Green-
Schwarz mechanism [36]. The associated Fayet-Iliopoulos term is given as [37]
ξ
∫
d4θVA with ξ =
g2
A
M2pl
192π2
TrQ . (D.1)
The D-term is given as
g2
A
8
D2
A
=
g2
A
8
(∑
Qa|ϕa|2 + ξ
)2
, (D.2)
where Qa is the ‘anomalous’ charge of ϕa. For U(1) breaking, we introduce the singlet
field S under the SM gauge group with U(1) charge QS. Assuming TrQ > 0, we can
ensure the cancellation of DA in (D.2). Taking QS = −1, we can ensure the non-zero
VEV of S: 〈S〉 which is given as 〈S〉 = √ξ.
Due to the Froggatt-Nielsen mechanism, Yukawa interaction term in the effective
theory is given as
ec
RjLiHd
(
S
Mpl
)mij
, (D.3)
where ec
Rj and Li are the right-handed charged lepton and left-handed lepton doublet,
respectively, Hd is Higgs doublet, and S is singlet field. The effective Yukawa couplings
are given in terms of
λ ≡ 〈S〉
Mpl
. (D.4)
In order to make the interaction term eq.(D.3) neutral, Shafi and Tavartkiladze
assigned U(1) flavor charges as follows:
QL1 = k + n , QL2 = QL3 = k, QN1 = −QN2 = k + k
′
,
QHu = QHd = 0, QS = −1 , (D.5)
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where k, n, k
′
> 0, n ≥ k′ . Then, they obtained
Yν =
(
λ2k+n+k
′
λ2k+k
′
λ2k+k
′
λn−k 0 0
)
, (D.6)
and
MR = MR
(
λ2k+2k
′
1
1 0
)
. (D.7)
In conculsion, the neutrino mass matrix is given as
mν = Y
T
νM
−1
R
Yνv
2
u =
λ2k+nv2u
MR
 λ
n 1 1
1 0 0
1 0 0
 . (D.8)
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